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SUPPLEMENTARY NOTES
ABSTRACT
The addition of nanoscale carbon (C) to a variety of metals was developed by Third Millennium Metals and this class of materials has been called covetics. These materials have several unusual mechanical and physical properties, with potential benefits in improved energy efficiency and material performance over a broad range of applications. During this project, a laboratory scale covetic production system was designed and built. This system addressed the 3 distinct reaction steps: 1) C dissolves in copper (Cu), where the temperature is locally higher, 2) supersaturated C precipitates out on the surface of the liquid Cu as graphene sheets, where the temperature is lower, and 3) stirring disperses the graphene sheets into the Cu. The precipitation of C was demonstrated and shown by scanning electron microscopy and Raman spectroscopy using an arc melter instead of a high-temperature microscope. The main outcome was that the maximum feasible C content in covetics is the C solubility in the metal at the temperature of the arc hot-spot; this maximum is approximately 200 parts per million by mass.
SUBJECT TERMS
covetics, carbon, copper, oxidation, mechanical properties, local heating
Introduction
A new process technology provides the ability to add greater than 6-wt% nanoscale carbon (C) to a broad variety of metals. The resulting materials, developed by Third Millennium Metals, LLC, are known as "covetic" nanomaterials.
1 These materials have several unusual properties, notably increased strength, increased thermal conductivity, and increased electrical conductivity, with potential benefits in improved energy efficiency and material performance over a broad range of applications and industries including defense.
This examination of covetics is part of a Defense Advanced Research Projects Agency-funded program involving the University of Maryland (UMD), Carnegie Mellon University (CMU), and the Naval Surface Warfare Center, Carderock Division. The proposed project at CMU specifically deals with copper (Cu)-based covetics (see Appendix). The procedure used to produce the material has been described in the patent from Third Millennium Metals. The essential elements of the process are: 1) a C source is brought into contact with molten Cu, 2) current is applied to the Cu by means of C electrodes, and 3) mechanical stirring is applied simultaneously. Through this combination of steps, what appears to be nanosized C is produced and dispersed into the molten Cu. The overall process is endothermic, where a drop in the temperature of the melt is witnessed when current is applied.
The problem addressed in this research is that the fundamental steps that lead to the formation of covetics are not known; the patent 1 contains the following:
While the exact chemical structure of the disclosed metal-carbon material is currently not known, without being limited to any particular theory, it is currently believed that the steps of mixing and applying electrical energy result in the formation of chemical bonds between the metal and carbon atoms, thereby rendering the disclosed metal-carbon compositions unique vis-a-vis known metal-carbon composites and solutions of metal and carbon…. Furthermore, without being limited to any particular theory, it is believed that the disclosed metal-carbon material is a nanocomposite material and … the amount of electrical energy (e.g., the current) applied to form the disclosed metal-carbon composition initiates an endothermic chemical reaction.
This creates a difficult problem. While the practical steps required to produce covetics have been described by the inventors, there is no information on the fundamental mechanism of covetic formation. In further refining the process, the current approach by the developer of the technology (Third Millennium Metals) is to rely on empirical knowledge. An obvious limitation to this empirical approach is that there is little or no quantitative basis for scaling-up or optimizing the process.
The current project proposes that the process can be separated into 3 distinct reaction steps. If this is indeed the case, each of these steps can be executed in a separate reactor. Such separation of process steps would allow tighter control of process conditions and allow the process to be converted readily to continuous production (rather than the current batch process).
The essential technical idea is captured in the following hypotheses:
 Covetic consists of graphene sheets distributed within the metal (Cu).

The applied current causes local heating where the electrodes enter the Cu melt.
 C dissolves in Cu where the temperature is locally higher (Step 1).
o Where the temperature is lower, supersaturated C precipitates out on the surface of the liquid Cu as graphene sheets (
Step 2).
The role of stirring is to disperse the graphene sheets into the Cu (Step 3).
o The observed endothermicity results from the small exothermic bonding energy between liquid Cu and graphene, which is much smaller than the energy involved in breaking Cu-Cu bonds when dispersing graphene in the Cu.
o Previous combustion analysis failed to detect C in Cu covetic material because the oxidation rate of the covetic material is significantly lower than that of pure Cu.
The proposed scope and deliverables of the program are described in the following 6 procedural tasks:
1) Design and build a laboratory-scale system for Cu covetic production. Also, produce additional samples of covetic Cu, to be analyzed by the team at the UMD.
2) Theoretical evaluation of the energy balance of the process.
3) Experimental measurement of the oxidation rate of molten Cu and molten covetic Cu in pure oxygen (O).
4) Experimental test, using a high-temperature microscope (laser scanning confocal microscopy), of the proposal that C dissolves from the C source at higher temperature and precipitates as graphene upon cooling.
5) Experimental test, using the laboratory-scale covetic process, of the extent of local heating caused by the applied current to determine whether the local heating is sufficient to sustain C dissolution (as a necessary step before C precipitation as graphene).
6) Preparation of an overall summary report, stating the process implications of the fundamental information obtained in this project.
Conclusions
This project was successful in completing all of the tasks contained within the proposal scope. While not all of the research organizations came to the exact conclusions, a significant amount of data was created that can be interpreted for any future covetics research. The new laboratory-scale covetic production facility at CMU could be an instrumental part of a potential larger program.
The following outcomes were achieved for the proposed program tasks:
1) Completed the design and build of a laboratory-scale system for covetic production. Cu and silver (Ag) covetic samples were produced for UMD analysis.
2) Completed the theoretical evaluation of the energy balance of the process. This assessed the creation of Cu-C interfaces as a possible cause of the endothermic effect reported by Third Millennium. However, given the small concentration of C actually produced, this effect is negligible.
3) The experimental measurement of the oxidation rate of molten Cu and molten covetic Cu in pure O was completed. No difference in oxidation behavior was seen. Testing of C concentration in Cu and Ag was developed via full oxidation in O (with infrared analysis of off-gas). Material produced by Third Millennium was tested and found to contain less than 50 parts per million (by mass) of C in all cases.
4) Demonstrated precipitation of C shown by scanning electron microscopy and Raman spectroscopy using an arc melter instead of a high-temperature microscope.
5) Completed the measurement of the local heating caused by the applied current using the laboratory-scale covetic process. Using an infrared camera, the local hot-spot temperature (beneath the arc) was measured as approximately 2,000 °C.
6) In addition to this report, a draft paper on the project results has been written and will be submitted for journal publication. A copy of that submission will be supplied as soon as it is sent to the journal. The processing knowledge collected during this work is summarized in a kinetic model. The main outcome is that that the maximum feasible C content in covetics is the C solubility in the metal at the temperature of the arc hot-spot; this maximum is approximately 200 parts per million by mass. Kinetics model 
